The cytopathology of Pelargonium leaf tissues infected by an Italian isolate of the leaf curl virus (PLCV) was studied with the electron microscope. Virus particles were found in both parenchyma cells and conducting elements either irregularly scattered or in crystalline arrays. Clusters of virus particles were often seen within vesicle-like cytoplasmic extrusions protruding into the central vacuole. Cellular organelles were much damaged and internally disorganized. A peculiar budding condition of chloroplasts was observed. Virus particles were associated with nuclei and chloroplasts. In the latter, groups of particles not surrounded by visible membranes occurred apparently free in the plastidial stroma and in the buds developing from chloroplasts. The significance of the various pathological features is discussed.
INTRODUCTION
In a previous paper (Martelli & Castellano, 1969 ) the occurrence of Pelargonium leaf curl virus (PLCV) particles within modified nuclei of the host plant was reported. No description was made of other prominent pathological features found in infected cells. We now present further studies which provide additional information on the ultrastructural changes in mesophyll cells, on the intracellular behaviour and distribution of virus particles and on their relation to organelles other than nuclei in PLCV-infected leaf tissues.
METHODS
The virus used is an Italian isolate of PLCV (cryptogram R/I :x.s/x7: S/S: S/*) biologically and serologically similar to the common European strains (Rana & Majorana, 1969) . Leaftissue fragments were collected from pot-grown diseased and symptomless, apparently healthy (control) Pelargonium plants. Collections were made in April when disease symptoms (yellow stellate lesions with necrotic centres) are severe and in June, during the recovery phase, when symptoms on the new growth are not apparent.
In the April sampling, whole lesions were excised whereas in the June collections tissue samples were taken at random from newly produced symptomless leaves and from the margins of old lesions observed in April.
Tissue samples were processed in either of two ways: (i) primary aldehyde fixation according to Karnovsky (I965) overnight in the cold (4 °) followed by post-fixation for I hr in 1"33 % (w]v) osmium tetroxide in s-collidine buffer, pH 7"4-Dehydration through graded ethanol dilutions up to IOO% with two final passages in propylene oxide and embedding in Epon-Araldite (Mollenhauer, 1964) ; (ii) primary fixation in Karnovsky's aldehyde solution for 5 hr at room temperature, followed by exhaustive washing in o. I M-phosphate buffer, pH 7.2, for 3 hr and post-fixation overnight in 2 ~o (w]v) osmium tetroxide in the same phosphate buffer. The last two steps and dehydration through graded ethanol were carried out at 4 °. Staining with 1% (w/v) uranyl acetate in absolute alcohol for 3o min. in the cold was followed by two washings of I5 rain. each in absolute alcohol at room temperature and embedding in styrene-butyl methacrylate (Mohr & Cocking, 1968 ) .
Thin sections were cut with glass or diamond knives with a LKB Ultratome, stained with lead citrate and, when necessary, also with uranyl acetate and viewed with a Hitachi HU-I IB electron microscope.
RESULTS

Cytopathology
Both methods of tissue processing proved equally satisfactory in preserving cellular ultrastructure. In some samples collected in April the severity of cytological alterations seemed to increase from the periphery towards the centre of lesions. In these instances, cells with little or no apparent injury were more frequent in the marginal areas than in the inner parts of the lesions. In other samples, no orderly succession in the intensity of cytopathic modifications could be observed, but groups of almost normal cells were randomly interspersed with cellular elements in various stages of degeneration.
Degenerative processes were involved in all the major organelles and the cellular architecture. One of the outstanding features of some infected cells was the plentiful occurrence in the cytoplasm of globose-elongated bodies, often bounded by a double membrane that occupied large portions of the cell lumen (Fig. I, 2 and insert).
Owing to their general appearance, these structures could be classified into two broadly distinct categories: (i) large globose or irregularly shaped elements containing variable amounts of electron-opaque fibrillar material and many small electron-clear vesicles located internally, lining the outer contour or clustered in the surrounding cytoplasm (Fig. I) ; (ii) smaller ovoid to rounded, electron-dense bodies with a dark matrix seemingly comparable in aspect and texture, to the plastidial stroma (Fig. 2) .
Conceivably, these differences in appearance and organization reflect a diverse origin of the structures. The bodies of the first type may be degenerated mitochondria. These retained a normal appearance in slightly altered cells, but as the cytoplasm became degraded they tended to swell, displaying inflated cristae -which eventually turned into small blebs -and an indistinct internal organization. Actually, typical profiles of mitochondria were no longer identifiable in cells like that of Fig. I .
The other type of bodies may derive from the budding activity of chloroplasts. Features of these particulates, such as the double membrane and the texture of internal matrix, are suggestive of plastidial genesis. However, the strongest evidence of this lies in the direct visualization of chloroplasts exhibiting obvious peripheral extrusions as if they were in the process of budding (Fig. 3, 4 ). These profiles were not uncommon and in many instances chloroplasts were seen displaying one or more protuberances, perhaps identifiable as budding sites (Fig. 2) .
No budding activity was ever detected in chloroplasts of infected tissues collected in June during the recovery phase or in healthy controls.
Additional plastidial abnormalities consisted of abundant peripheral vesiculation of the stroma, considerable reduction of the internal membrane system, swelling and parting of thylakoids and intergrana lamellae. Plastoglobuli were few and starch grains were rarely found. Many plastids were misshapen, very disorganized and swollen. Disrupted organelles were common. 
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The nuclei, as previously reported (Martelli & Castellano, r969) , had enlarged nucleoli, little chromatic material and a conspicuously vesiculated nucleoplasm (Fig. 5 )-Although damaged, the nuclear membrane stood out clearly in the last stages of nuclear degeneration. Severely affected ceils had an aspect comparable to that shown in Fig. 5 . They contained an identifiable although much damaged nucleus surrounded by a granular, disorganized cytoplasm where remnants of the major organelles were disorderly mixed with ribosomes, occasional strands of endoplasmic reticulum and virus particles.
Virus and crystals
Virus particles appeared as uniformly stained rounded bodies, sometimes with hexagonal contour, always with a smooth outline and a diameter of 26 to 28 nm. The identification of these structures as PLCV particles is suggested by their absence in the controls, their appearance -which is like that of other isometric plant viruses seen in thin sections (see among In PLCV-infected cells, virus crystals were uncommon. Large crystals exhibiting a variety of patterns in the distribution and orientation of individual constituents were found in the vascular tissues where they could, on occasion, completely fill the cell lumen (Fig. 6) . Small crystalline or quasi-crystalline aggregates of virus particles were rarely found in the cytoplasm of mesophyll cells. In these, irregularly grouped or randomly scattered virus particles prevailed.
Location of the virus
In the cytoplasm, virus particles did not accumulate at any preferential site but were distributed uniformly throughout the cell. Clusters of particles were sometimes seen close to the tonoplast filling protuberances which bulged into the central vacuole (Fig. 7) . These undefined protrusions could be accompanied in the same cells by rounded or elongated bubble-like vesicles, constricted at the base and pushing into the vacuole lumen. The vesicular nature of these structures was established by serial sections. The basal constriction represented a genuine stalk-like connexion. 
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Virus-containing protrusions were equally present in live (Fig. 8, 1 I) or necrotic (Fig. 9, I o) cells. Virus particles occurred in the central vacuole either free or enclosed in membranous structures (Fig. I2) . The latter had an appearance reminiscent of the above vesicles, from which they likely were derived, as recorded for AMCV (Russo et al. r968 ) .
In cells with locally collapsed cytoplasm, very similar findings occurred in the gaps that developed between plasma membrane and cell wall. These extra-cytoplasmic gaps often contained virus particles randomly scattered or confined within membranous vesicles.
As to the relation of PLCV with cell organelles, virus particles were frequently seen in association with both the nuclei (Martelli & Castellano, 1969) and chloroplasts. In the latter case, bodies indistinguishable in aspect and size from virus particles were present singly or in groups in the stroma or between membranes of altered plastids (Fig. 13, I4) . In all instances, virus particles were seen within electron-transparent areas that were not limited by membranes. Most of the outer plastidial envelopes were apparently intact and no obvious breaches could be detected in them by serial sections. Virus particles were also located in the chloroplast buds which were either free in the cytoplasm (Fig. 2 insert) or still connected with the plastidial body (Fig. 3) .
Virus particles were not observed in the samples from plants in the recovery phase which displayed a cytology no different from that of healthy controls, and no infectivity could be detected in crude leaf extracts from recovered plants. DISCUSSION The present investigation has shown that the effects of PLCV and AMCV on their host cells are similar although the two viruses, which are related but not identical (Martelli & Quacquarelli, I966) , were studied at different times in hosts belonging to different botanical families. No evidence was found opposing the hypothesis that the virus-containing vesicles protruding from the cytoplasm into the central vacuole represent sites of an active transport mechanism for transferring virus particles from the cytoplasm to the central vacuole or to the extra-cytoplasmic gaps (Russo et al. I968) . Additional data supporting the idea that vesicles are not artifacts were also secured. The occurrence of virus-containing extrusions in decaying and necrotic cells, which are physiologically inactive, is difficult to reconcile with the possibility that they develop during tissue manipulation (i.e. because of osmotic imbalance during excision or fixation). It is most likely that these vesicles originate in live cells and persist in situ during the decay process. Unlike AMCV, which in artichoke (Russo et al. 1968; Russo, Martelli & Quacquarelli, 1967) and Chenopodium quinoa Willd. (Russo & Martelli, unpublished results) forms large numbers of crystalline aggregates in cells of all leaf tissues, PLCV crystals were found preferentially and in low numbers in the conducting elements. This situation is analogous to that reported for the cowpea and bean strains of Southern bean mosaic virus (Weintraub & Ragetli, I97O) and may be due to strain differences.
The most intriguing features of PLCV-infected cells is the occurrence of virus-like particles within chloroplasts. Many anisometric and polyhedral viruses have been seen in the plastids (Cronshaw, Hoefert & Esau, ~966; Milne, 1966; Purcifull, Edwardson & Christie, 1966; Shalla, I964; Gerola, Bassi & Belli, 1965; Gerola, Bassi & Giussani, 1966; De Zoeten, 1966; De Zoeten & Schlegel, 1967; Russo et al. 1968; Paliwal, I97O; Weintraub & Ragetli, I97o; Carrol, 197o ) . However, in all cases but one, particles were invariably contained in membrane-bound enclaves often mixed with ground cytoplasm and cell organelles. This was taken as an indication that intraplastidial pockets were in fact inclusion vacuoles originating from an amoeboid activity of chloroplasts. Only for tobacco mosaic virus (TMV) have particles been repeatedly observed in the stroma of plastids in bundles which are not surrounded by membranes and which often displace granas (Esau & Cronshaw, I967; ShaIla, i968; Pratt, I969; Honda & Matsui, I97I) . Thus, it has been suggested that TMV may be synthesized in plastids. In other studies, however, synthesis of TMV-RNA and coat protein has been associated with nuclei (see review by Schlegel, Smith & De Zoeten, ~966; Shalla & Amici, 1967) or with cellular structures sedimenting as mitochondria (Jackson, Mitchell & Siegel, ~970. The situation with PLCV resembles that found for TMV. PLCV particles seem to occur throughout the plastidial stroma without being confined to any specific place or being limited by membranes. The absence of obvious gaps in the outer membrane of viruscontaining chloroplasts and chloroplast buds makes it unlikely that particles coming from the cytoplasm have invaded the organelles. No evidence was found of virus movement from the cytoplasm to the plastids. There are, however, indications that the reverse might happen because virus is released from chloroplasts through their buds.
If virus particles in organized form (i.e. whole nucleocapsids) do not enter chloroplasts from the surrounding medium, then the possibility of intraplastidial synthesis of one or both constituents (RNA and coat-protein) of PLCV cannot be ruled out. This would not be surprising because it is known, besides the controversial case of TMV, that chloroplasts play a primary role in manufacturing turnip yellow mosaic virus RNA (Ushyiama & Matthews, 197o) and are suspected to take part in the synthesis of barley stripe mosaic virus (Carrol, 197o) .
It is evident that, simply on the basis of the visual evidence gathered in the present study, claims of a definite involvement of chloroplasts in the synthesis or assembly of PLCV cannot be unequivocally maintained. Additional investigations with a different approach are needed. However, we consider it significant that PLCV establishes a type of relationship with chloroplasts differing from that hitherto recorded for other small isometric plant viruses. This work was supported by a grant from the Consiglio Nazionale delle Ricerche, Roma. The assistance of Mrs M. A. Castellano is gratefully acknowledged.
